antibodies from this panel, RGRS1 (Radial Glial Release
Signal molecule 1), recognizes an antigen that is premunoreactivity is distributed in a similar pattern at the top of the cortical plate ( Figure 1B ). Faint cell surface dominantly distributed in a punctate manner at the superficial strata of the cortical plate, at the interface beimmunostaining of radially oriented processes is also noticeable in the ventricular zone. The intermediate tween the marginal zone and the newly developing cortical laminae, where neurons terminate their migrazone, through which neurons migrate to reach the cortical plate, is immunonegative. By embryonic day 18, as tion ( Figures 1A-1C ). In the developing rat cortex, RGRS1 immunoreactivity appears after the initiation of the cortical plate (CP) expands, cell surface labeling of radially oriented processes in CP was observed (Figures neuronal cell migration around embryonic day 13-14 ( Figure 1A ). By embryonic day 16, when great numbers 1C, 1D, and 1F). As at E16, RGRS1 is distributed in regions of the cerebral wall where neurons begin to of neurons are in the process of migration, RGRS1 im- cease their migration and leave their radial glial scaffold. lated radial glia, RGRS1 is primarily distributed at the top and bottom of the cells ( Figure 1K ), whereas in radial Immunoreactivity of radially oriented processes in the ventricular zone becomes more pronounced at this glia that were maintained without neuronal contact in vitro (Ͼ72 hr), RGRS1 is distributed uniformly (data not stage ( Figures 1C, 1H , and 1I). Some of the transforming radial glial cells whose soma are in the ventricular zone shown). Furthermore, when E17 cerebral cortical cells were immunolabeled live with RGRS1 mAbs, separated might label with RGRS1 mAbs at this stage. The intermediate zone remains immunonegative at E18. Prominent using a fluorescent activated cell sorter (FACS), cultured for 24 hr, and labeled with radial glial cell-specific ratlabeling of the cortical plate and ventricular zone vestiges persists on neonatal day one. From neonatal day 401 antibodies, 92% (Ϯ5.2%) of cells that were sorted on the basis of immunoreactivity for RGRS1 were posi-7 onward, by which time neuronal migration to the cerebral cortex is already complete, immunoreactivity is pritive for rat-401 immunoreactivity. Together, these results indicate that the RGRS1 antigen is expressed in marily detected in the astrocytes ( Figure 1P ) and the ependymal layer lining the ventricles. radial glial cells both in vivo and in vitro and support the notion that its selective expression in glial strands Double labeling studies with neuronal and glial markers indicate that the RGRS1 antigen is present on the spanning the developing cortical plate may enable it to influence the terminal phase of neuronal migration. radial glial cell surface, but not in neurons. In embryonic brain sections, segments of radially oriented processes at the top of the cortical plate (arrowheads, Figure 1D ) Function of RGRS1 Antigen In Vivo and In Vitro To examine the role of RGRS1 as a putative signal in or in ventricular zone ( Figure 1I ) labeled with both RGRS1 mAbs and radial glial-specific anti-GFAP antiserum (Fig- the termination of neuronal migration in vivo, we labeled a small population of cortical neurons with BrdU at their ures 1E-1G and 1I). In immunoelectron microscopic analysis of embryonic cortical tissues, RGRS1 antibodbirth, allowed them to migrate to the cortical plate, and perturbed the function of the RGRS1 antigen with ies labeled the cell surfaces of longitudinally oriented, microtubule-rich, electronlucent, large diameter fibers RGRS1 antibody fragments around the time these labeled neurons decide to end their migratory phase, and (arrowheads, Figure 1J ), all of which are characteristics of radial glial strands (Sidman and Rakic, 1973) . then we examined for effects on neuronal placement 24 hr later (Figure 2) . In order to target neurons destined In vivo, and in vitro, RGRS1 mAbs immunolabel cortical radial glial cells, but not migrating neurons or postmifor cortical layers 5/6, pregnant rats at E15.5-E16 were given an intraperitoneal injection of BrdU and allowed gratory cortical neurons (Figures 1K-1O) . In newly iso-to develop another 36 hr. At E17, approximately 6 hr prior to BrdU-labeled neurons reaching the top of the cortical plate, purified Fab fragments of RGRS1 antibodies were injected into the lateral ventricle of the embryos using exo utero surgery. This allows for the antibodies to diffuse in and bind to the RGRS1 antigen in the cortical plate just as the BrdU-labeled neurons make their decision to terminate their migration. As a control, embryos at the opposite end of the uterine horn were sham injected with either saline or control antibody of the same isotype. Embryos in the middle of the uterus were left unperturbed.
After 24 hr, embryos were removed and the location of BrdU-positive cells in the dorsomedial regions of the occipital cerebral wall was analyzed. Brain sections were immunoreacted for BrdU and nuclei were counterstained with bis benzimide. Under control conditions, BrdU-labeled neurons appear to detach from their glial guides normally and settle into the deeper layers of the cortex (Figure 2A ). Later generated, unlabeled neurons destined to the superficial layers migrate past them on their way to the top of the cortical plate. In embryos injected with the RGRS1 antibodies, BrdU-labeled neurons did not terminate their migration appropriately, and thus were distributed ectopically in the upper regions of the cortical plate ( Figures 2B and 2C) . To measure the effect of perturbation of RGRS1 antigen, the distribution pattern of BrdU-labeled cells in the developing cortical plate was analyzed. The cortical plate was divided into In order to confirm that the RGRS1 antibody recognizes SC1, the RGRS1 antigen in E16 mouse brain extract was immunoprecipitated with RGRS1 antibody or an SC1-specific monoclonal antibody, and then immunoblotted with SC1-specific antibody. Anti-SC1 antibodies recognized identical bands from the RGRS1 and with control EGFP were found to be in contact with neurons more frequently than glial cells expressing SC1-antibodies ( Figures 4C and 4D) . Radial glial immunoreactivity of RGRS1 mAbs was abolished when RGRS1 EGFP (EGFP: SC1-EGFP, 58%: 14%; Figures 5E-5H ). antibodies were presorbed with recombinant SC1 protein ( Figures 4K-4M ). RGRS1 immunoreactivity is absent in SC1-deficient embryonic cortex (Figures 4N and 4O) .
SC1 Inhibits Adhesion of Dissociated Cortical
Cells to Cortical Slices In addition, newly isolated primary radial glial cells from E16 mouse cortex colabel with anti-SC1 and RGRS1
To further characterize SC1's antiadhesive function, we next assessed the effect of exogenous SC1 protein on antibodies (Figures 4P-4S ). Together these data indicate that SC1 expression can be detected by both SC1 the adhesion of embryonic cortical cells. Dissociated, CMTMR-labeled, E14 cortical cells were seeded on E16 and RGRS1 antibodies and supports the notion that RGRS1 recognizes SC1 in vivo.
cortical slices, and the combined cultures were maintained in either basal media or media containing purified Since RGRS1 antibodies immunolabel radial glial cells and astrocytes in the developing and mature cerebral SC1 protein, SC1 protein ϩ RGRS1 antibody, RGRS1 antibody alone, or a control antibody for 24 hr. Cultures cortex, we determined the regional and cellular localization of SC1 expression using in situ hybridization analywere then analyzed for adhesion of CMTMR-labeled cells to cortical slices. On slices that were maintained sis. In embryonic CNS, SC1 transcripts are most abundant in the ventricular zone of the spinal cord and in untreated media, dissociated cortical cells adhered well throughout the cerebral wall ( Figure 5I ). However, cerebral cortex, where the radial glial cell bodies are located, and in mature cortex, SC1 is expressed in on slices maintained in media containing SC1 protein, only a sparse population of cortical cells were adherent astrocytes (Figures 4T and 4U) .
Together, data from cDNA library screen, immunopre-( Figure 5J ). Preincubation of the SC1 protein with cipitation analysis, SC1-EGFP transfection assays, SC1 RGRS1 antibodies abrogated the antiadhesive effects null mice, and in vivo cellular localization studies of the SC1 protein, such that after 24 hr in culture, a suggest that RGRS1 antibodies recognize SPARC-like large number of cortical cells were found adherent to 1 (SC1). the cortical slices ( Figure 5K ). Control antibodies alone had no effect as compared to the untreated control, while addition of the RGRS1 antibodies caused a moder- 
(E-G) Primary embryonic cortical cultures were also transfected with pIRES-EGFP (E) or pSC1-IRES-EGFP (G). Neurons (arrowheads) attached to GFP-expressing glial cells (E), whereas they avoided SC1-GFP-expressing glia (arrows, G). Radial glial cells expressing EGFP (green) were identified by GFAP (red) colocalization (F, inset in G), and neurons (blue) were identified by Tuj-1 immunoreactivity. Arrowheads in (G) indicate neuronal process. (H) Number of neurons in contact with or adhering to EGFP-positive cells was quantified from four independent experiments. In each example, significantly fewer neurons contacted or adhered to SC1-EGFP-expressing cells. Number of EGFP-positive cells studied in each category is Ͼ400. (I-K) Purified SC1 blocks adhesion of dissociated neuronal cells to cortical slices. CMTMR-labeled, E14 cortical neuronal cells (red)
were seeded on E16 cortical slices and cultured in basal media (I), SC1-supplemented media (J), or in RGRS1 antibodies presorbed with 10 g/ml SC1 protein (K). Under control conditions, CMTMRlabeled cells attach to slices and extend processes (arrowhead, inset K). SC1 significantly reduces the adhesion of dissociated cortical cells to cortical slices. This effect was abrogated when SC1 was presorbed with RGRS1 antibodies. RGRS1 antibodies alone caused an increase in adhesion, whereas control antibodies had no effect. of EGFP-positive cells and the number of EGFP-positive cells that As a control for specificity of the effect, some animals received made contact with or attached to Tuj-1-positive neurons were quanBrdU injection (50 g/gm body weight) and antibody infusion on tified. In some experiments, E16 dissociated cortical cells were the same day. 24 hr later, brains were removed and processed for transfected with SC1-EGFP or EGFP soon after dissociation, culBrdU labeling to evaluate the migration pattern of neurons through tured for 72 hr, and labeled with anti-GFAP and Tuj-1 antibodies, the intermediate zone. Fab fragments were generated using Immuand the extent of contact between transfected astroglia (i.e., GFPnopure IgM fragmentation kit (Pierce).
and anti-GFAP-positive) and Tuj-1-positive neurons were quantified.
Slice Adhesion Assays Aggregation Assay
Cerebral cortices from E16-E17 embryos were removed and dissoWe modified a method developed by Emerling and Lander (1994) to assess the effect of SC1 on adhesion of embryonic cortical cells ciated as described earlier (Anton et al., 1999). Cells were plated at 300K cells/2 ml in 24-well dishes and rotated at 90 rpm in a 37ЊC to cortical slices in culture. 300 m slices of E16 mouse cortices were placed on nucleopore membrane filters (Whatman) and incu-(95% O 2 /5% CO 2 ) incubator for 2 to 24 hr. Wells were supplemented with 100 g/ml RGRS1 or control mAbs (Fab fragments) or left bated at 37ЊC in either RGRS1 antibodies, control antibodies, purified recombinant SC1 protein (30 ng/ml; gift from Dr. E. Sage, Hope unsupplemented. At the end of incubation, the number of unat-
